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(54) Full aperture grazing incidence Interferometry. 

(§7) A grazing Incidence interferometer (1) in- 
cludes a laser (10) and a beamsplitter (16) for 
splitting an output of the laser into a reference 
beam (B) and into a sample beam (A). A surface 
(18) to be examined is disposed at a first angle 
such that the sample beam is Incident on and 
reflects from the surface at an angle of inci- 
dence other than normal, thereby providing a 
grazing incidence configuration. A beam com- 
biner (22) combines the reference beam and the 
sample beam that reflects from the surface into 
a combined beam (C). An image plane (24) is 
disposed for receiving the combined beam such 
that an interference pattern is formed at the 
image plane. The image plane is disposed at a 
second angle to the combined beam, the sec- 
ond angle being selected to compensate for a 
reduction in an aspect ratio of the interference 
pattern that results from the surface being dis- 
posed at the first angle. The second angle may 
be approximately equal to the first angle, or may 
differ from the first angle to obtain a desired 
aspect ratio. 
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FIELD OF THE INVENTION: 

This invention relates generally to optical metrol- 
ogy systems and, in particular, to optical metrology 
systems that employ interferometric techniques. 

BACKGROUND OF THE INVENTION: 

Grazing or "skip" Interferometry is a known opti- 
cal metrology technique wherein an optic of interest is 
tested at a non-normal angle of incidence to a surface 
of the optic. One drawback to this technique is that as 
the angle of grazing incidence increases, the fore- 
shortening of an image in an evaluation plane is in- 
creased, with a corresponding loss of lateral resolu- 
tion in the direction of grazing incidence. Unfortunate- 
ly, the direction of grazing incidence is often the di- 
rection wherein the greatest surface measurement 
accuracy is required. 

An advantage of using interferometry over other 
known grazing incidence metrology techniques, such 
as fringe scanning or prof ilometry. Is that a complete 
measurement of the entire surface of the optic of in- 
terest is obtained at one time, as opposed to requiring 
several scans that must later be combined, or "stitch- 
ed" together. In general, stitching is a process of tak- 
ing several data scans and subsequently combining 
the scans to obtain a map of the entire surface of the 
optic. 

A further disadvantage of the conventional fringe 
scanning technique is a requirement of providing a 
reference optic of the same geometric form, and bet- 
ter surface quality, than the optic under test. In con- 
tradistinction, a grazing Incidence interferometer may 
be set up using only flat and spherical optics, which 
are generally more readily obtainable and more read- 
ily characterized than a special purpose reference op- 
tic. 

As such, it can be realized that the use of grazing 
or skip interferometry is preferred in that it eliminates 
the requirement to stitch together the results of sev- 
eral measurements, and that it also eliminates a re- 
quirement of providing, aligning, and maintaining a 
high-quality, non-standard test optic. 

It is thus an object of this invention to provide an 
interferometric grazing incidence technique that over- 
comes the problems resulting from a foreshortening 
of the image, and the corresponding loss of lateral re- 
solution in the direction of grazing incidence. 

SUMMARY OF THE INVENTION 

The foregoing and other problems are overcome 
and the object of the invention is realized by optical 
metrology apparatus, specifically a grazing incidence 
interferometer that is constructed in accordance with 
the invention. 

The interferometer includes a source of coherent 



radiation and a beamsplitter for splitting an output of 
the source Into a reference beam and into a sample 
beam. A surface to be examined is disposed at a first 
angle such that the sample beam Is incident on and 

s reflects from the surface at an angle of incidence 
other than normal, thereby providing a grazing Inci- 
dence configuration. 

A beam combiner is provided to combine into a 
combined beam the reference beam and the sample 

10 beam that reflects from the surface. An image plane 
is disposed for receiving the combined beam such 
that an interference pattern is formed at the image 
plane. 

In accordance with the invention the image plane 

1 5 Is d isposed at a second angle to the combined beam, 
the second angle being selected to compensate for a 
reduction In an aspect ratio of the interference pattern 
that results from the surface being disposed at the 
first angle. The second angle may be approximately 

20 equal to the first angle, or may differ from the first an- 
gle to obtain a desired aspect ratio. 

In one exemplary embodiment the grazing inci- 
dence interferometer has a Mach-Zender configura- 
tion, and the sample beam reflects once from the sur- 

25 face. In a second exemplary embodiment the grazing 
incidence interferometer has a Fizeau configuration, 
and the sample beam reflects twice from the surface. 
For this latter configuration a retroreflector is provid- 
ed for directing the once reflected sample beam back 

30 towards the surface to be twice reflected therefrom. 
Further embodiments of the invention are disclosed 
in the context of phase measuring interferometers. 



BRIEF DESCRIPTION OF THE DRAWING 

35 

The above set forth and other features of the In- 
vention are made more apparent in the ensuing De- 
tailed Description of the Invention when read in con- 
junction with the attached Drawing, wherein: 

40 Fig. 1 is a schematic diagram of a Mach-Zender 
interferometer embodiment that Incorporates the 
teaching of the invention; 
Fig. 2 Is a schematic diagram of a Fizeau Inter- 
ferometer embodiment that incorporates the 

4S teaching of the Invention; 

Fig. 3 is a schematic diagram of a Mach-Zender 
Interferometer, configured as a phase measuring 
interferometer embodiment that incorporates the 
teaching of the invention; 

so Fig. 4 is a schematic diagram of a Fizeau Inter- 
ferometer, configured as a phase measuring in- 
terferometer embodiment that incorporates the 
teaching of the invention; 
Fig. 5a illustrates a grazing incidence optic; 

55 Fig. 5b illustrates an interferogram obtained from 
the grazing incidence optic of Fig. 5a with a con- 
ventional grazing incidence Interferometer; and 
. Fig. 5c illustrates an interferogram obtained with 
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a grazing incidence interferometer that Is con- 
structed in accordance with the Invention so as 
to compensate for a change in aspect ratio due to 
the non-normal angle of incidence of a sample 6 
beam upon a surface of an optic being character- 
ized. 

DETAILED DESCRIPTION OF THE INVENTION 

Fig. 1 is a schematic diagram of a Mach-Zender 
interferometer 1 that incorporates the teaching of the 
invention. The interferometer includes a source of co- 
herent radiation embodied in a laser 10. An output of 
the laser 10 is applied to a spatial filter 12 which op- is 
erates in a conventional manner to remove frequency 
domain noise from the laser 10 output The spatial fil- 
ter 12 produces a diverging beam that is collimated by 
a collimator 14 and applied to a beam splitter 16. The 
beam splitter 16 produces a sample beam (A) that is 20 
incident on a surface of an optic under test (OUT) 1 8. 
The OUT 18 is inclined at an angle 6 from a plane (P) 
that is perpendicular to the sample beam A. As a re- 
sult, the sample beam Ais incident on the OUT 18 at 
a non-normal (other than 90°) angle, such that the 25 
sample beam A "grazes" the surface of the OUT 1 8. 

Beam splitter 16 also produces a reference beam 
(B) that Is Incident on a mirror 20. Beams A' and B', 
reflecting from the OUT 18 and the mirror 20, respec- 
tively, converge at a beam combiner 22 1 hat produces 30 
a combined sample and reference beam (C). Beam C 
Is incident on an Image plane 24 where constructive 
and destructive interference between the sample and 
reference beams results in the production of an inter- 
ference pattern, or interferogram 24a. The Interfero- 35 
gram 24a may be directly recorded at the image plane 
24, or the interferogram 24a may be imaged by a 
camera 26, which may contain a conventional CCD 
array, and displayed to an operator on a display 26a. 
The characteristics of the interferogram 24a is indica- 40 
tive of the surface characteristics of the OUT 18, 
which is the desired result 

In accordance with the teaching of the invention 
the Image plane 24 is tilted by an angle 0', with re- 
spect to a plane that is normal to the incident sample 45 
beam A, so as to obtain a more accurate aspect ratio 
between the length and width of the OUT 18 in the 
interferogram Image at the Image plane 24. This re- 
storation of the correct aspect ratio provides a lateral 
resolution comparable to that of standard (normal) in- 50 
cldence interferograms. 

In general, 6' is approximately equal to 9 so as to 
obtain the desired correction of the aspect ratio of the 
interferogram. 

Fig. 5a illustrates a grazing incidence optic 18 65 
having a concave surface 18a. Fig. 5b illustrates an 
interferogram obtained with a conventional grazing 
incidence Interferometer, having an Image plane nor- 
mal to the sample beam, and shows the reduction is 



aspect ratio along the long axis of the optic, and the 
corresponding reduction in Interferometric fringes or 
data. Fig. 5c illustrates an interferogram 24a obtained 
with the grazing incidence Interferometer that is con- 
structed in accordance with the invention. As can be 
seen, considerably more Interference fringes are 
available for study, in thatthe inclination of the image 
plane 24 compensates for the reduction In aspect ra- 
tio due to the non-normal angle of incidence of the 
sample beam upon the surface of the optic 18. In 
Figs. 5b and 5c the ends of the interferogram 24a are 
curved due to the imaging of the curved ends of the 
optic 18. 

Fig. 2 is a schematic diagram of a Fizeau inter- 
ferometer 2 that incorporates the teaching of the in- 
vention, wherein components that function as in Fig. 
1 are numbered accordingly. 

The output of the laser 1 0 is applied to the spatial 
filter 12 which produces a diverging beam. The di- 
verging beam is collimated by the collimator 14 and 
applied to a pellicle 15. The collimated beam is ap- 
plied to a reference flat 32. The side of this reference 
flat 32 that is closest to the OUT 18 acts as a beams- 
plitter. The reflected beam creates the reference wa- 
vefront (B), and the transmitted beam is the sample 
beam (A) and is incident on the OUT 18. In this em- 
bodiment the OUT 18 has a parabolic shape, and is 
inclined at an angle from a pole plane of the parabolic 
OUT 18. After reflecting from the OUT 18 the sample 
beam is reflected by a convex retroreflecting sphere 
34 back towards the OUT 1 8. As such, this Is a double 
pass system, wherein the sample beam (A) reflects 
twice from the OUT 18. The twice reflected sample 
beam (A) passes back through the reference flat 32 
where the twice reflected sample beam (A) is com- 
bined with the reference beam (B). The combined 
beams (A) and (B) reflect off of the pellicle 15 and are 
incident on the Image plane 24 where the result of the 
constructive and destructive interference is observed 
as the interferogram 24a. The interferogram 24a may 
be imaged by the camera 26. As in the embodiment 
of Fig. 1, the characteristics of the interference pat- 
tern are indicative of the surface characteristics of the 
OUT 18, which is the desired result 

As In the embodiment of Fig. 1, and In accor- 
dance with the teaching of the invention, the Image 
plane 24 is tilted by an angle 6' so as to obtain a more 
accurate aspect ratio between the length and width 
of the OUT 1 8 in the image at the image plane 24. In 
this embodiment of the invention, 6' is approximately 
equal to 6. That is, the inclination of the image plane 
24 Is approximately equal to the inclination of the par- 
abolic optic 18 away from the pole plane. 

The embodiments shown In Figs. 3 and 4 are sim- 
ilar to Figs. 1 and 2, respectively, with one difference 
being that these systems are configured to be phase 
measuring Interferometers. In Figs. 3 and 4 a PZT 
(piezo-electric transducer) 21 acts on the mirror 20 or 



Copied from 10543604 on 10/29/2004 



5 EP 0 575 095 A1 6 



reference flat 32 as appropriate, to cause a modula- 
tion of the interference pattern that is detected by the 
CCD camera 26. The modulated intensities are col- 
lected and combined in a known fashion to create an s 
error map of the wavefront. This automatic data col- 
lection and reduction is used in place of human eval- 
uation of the interference fringes. 

It should be noted with respect to the embodi- 
ments of Figs. 2 and 4 that if both the reference and to 
the retroreilecting optic are flat, the retroreflecting op- 
tic can be adjusted to avoid reflecting off of the OUT 
18 a second time. This renders the configuration sin- 
gle pass, which is less sensitive to errors on the sur- 
face of the optic under test than the two pass conf ig- 1 5 
uration. This can be advantageous In certain situa- 
tions, especially when the optic is in the early stages 
of fabrication, and might not as yet be well figured. 

A further advantage of the invention is that the 
accurate imaging of the entire optical surface being 20 
tested may be accomplished. With a conventional 
normal incidence image plane, accurate imaging of a 
grazing incidence object is often difficult or impossi- 
ble to obtain, in that the ends of the optic under test 
are not in a single plane In a grazing incidence con- 25 
figuration. From geometric optics, if the optic under 
test is not in a single plane, the image will also not be 
in a single plane. Under certain circumstances, the 
separation of the end images can be reduced to the 
point of being negligible, but this does not often occur. 30 
However, the use of the invention overcomes this 
problem by tilting the image plane such that both 
ends of the optic under test can be simultaneously im- 
aged. 

It should be noted that due to the imaging char- 35 
acteristics of a selected configuration, left/right or 
top/bottom inversions may occur between object and 
image. Any such inversions are therefore taken into 
account in interpreting the interferogram. 

The teaching of the invention has been described 40 
above in the context of exemplary interferometer em- 
bodiments, specifically a single pass, unequal path 
length Mach-Zender embodiment and a double pass, 
unequal path length Flzeau embodiment. It should be 
realized, however, that the teaching of the invention 45 
is not limited to use in only these two interferometer 
types and configurations. The actual configuration 
used Is a function of the sensitivity to surface errors 
required and of the optic to be tested. In general, flat 
optics require both a flat reference optic and a flat ret- so 
roreflecting optic. As seen in Fig. 2, parabolic optics 
are tested using a sphere (34) and a flat (32). Elliptic 
optics and hyperbolic optics are tested using spheres, 
and general conies are tested using combinations of 
flats and spheres. 55 

Also, the angle of inclination of the image plane 
24 may be other than an angle that is equal to the in- 
clination of the test optic. That is, the actual inclination 
of the image plane 24 may be selected to obtain other 



than an optimum compensation of the aspect ratio of 
the interferogram. 

Furthermore, it should be realized that the use of 
the invention is not limited for use only in the testing 
or characterization of grazing incidence optics for visi- 
ble wavelengths, but may also be employed to advan- 
tage in testing or characterizing grazing incidence op- 
tics designed for use with radiation at other portions 
of the electromagnetic spectrum. For example, an in- 
terferometer constructed in accordance with the 
teaching of the invention may be employed for testing 
or characterizing a grazing incidence optic for use in 
an x-ray lithography system. 

Thus, while the invention has been particularly 
shown and described with respect to exemplary em- 
bodiments thereof, it will be understood by those skil- 
led in the art that changes in form and details may be 
made therein without departing from the scope and 
spirit of the invention. 



Claims 

1. Optical metrology apparatus for examining a sur- 
face, comprising: 

a source of coherent radiation; 

means for splitting an output of said source 
into a reference beam and into a sample beam, 
wherein a surface to be examined Is disposed at 
a first angle such that the sample beam is inci- 
dent on and reflects from the surface at an angle 
of incidence other than normal; 

means for combining into a combined 
beam the reference beam and the sample beam 
that reflects from the surface; and 

an Image plane disposed for receiving the 
combined beam such that an interference pattern 
Is formed at said Image plane, said image plane 
being disposed at a second angle to the com- 
bined beam, the second angle being selected to 
compensate for a reduction in an aspect ratio of 
the interference pattern that results from the sur- 
face being disposed at the first angle. 

2. Optical metrology apparatus as set fort h in Claim 
1 wherein the first angle is approximately equal 
to the second angle. 

3. Optical metrology apparatus as set forth in Claim 
1 wherein said splitting means includes a beams- 
plitter that is disposed for receiving the output of 
said source. 

4. Optical metrology apparatus as set forth in Claim 
1 and further including camera means disposed 
for imaging the interference pattern. 

5. Optical metrology apparatus as set forth in Claim 
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1 and further including means for phase modulat- 
ing the interference pattern. 

6. A grazing incidence Interferometer, comprising: s 

a laser providing a coherent output beam; 

beamsplitter means disposed in said out- 
put beam for splitting the output beam into a ref- 
erence beam and Into a sample beam, wherein a 
surface to be examined is disposed at a first an- 10 
gle such that the sample beam is incident on and 
reflects from the surface at an angle of incidence 
other than normal; 

means for combining into a combined 
beam the reference beam and the sample beam 15 
that reflects from the surface; and 

an image plane disposed for receiving the 
combined beam such that an interferogram is 
formed at said image plane, said image plane be- 
ing disposed at a second angle to the combined 20 
beam, the second angle being selected to com- 
pensate for a reduction in an aspect ratio of the 
interferogram that results from the surface being 
disposed at the first angle. 

25 

7. A grazing incidence interferometer as set forth in 
Claim 6, wherein said interferometer has a Mach- 
Zender configuration, and wherein said sample 
beam reflects once from the surface. 

30 

8. Agrazing incidence interferometer as setforth in 
Claim 7 and further Including a mirror disposed 
for reflecting the reference beam to said combin- 
ing means. 

35 

9. Agrazing incidence Interferometer as setforth in 
Claim 6, wherein said interferometer has a Fi- 
zeau configuration, and wherein said sample 
beam reflects twice from the surface. 

40 

10. Agrazing incidence interferometer as setforth in 
Claim 9 and further Including a retroref lector dis- 
posed for reflecting the sample beam that re- 
flects from the surface back towards the surface 
such that the sample beam reflects a second 45 
time from the surface. 

11. Agrazing incidence Interferometer as setforth in 
Claim 10 wherein the twice-reflected sample 
beam is directed back to said beamsplitter so 
means, and wherein said beamsplitter means in- 
cludes said combining means. 

12. Agrazing incidence interferometer as setforth in 
Claim 9 and further including a reference flat that 65 
is interposed between said beamsplitter means 

and the surface. 

13. Agrazing incidence interferometer as setforth in 



Claim 9 wherein the surface has a parabolic 
shape, and wherein said first angle is referenced 
to a pole plane of the surface. 

14. Agrazing incidence interferometer as set forth in 
Claim 10 wherein the surface has a parabolic 
shape, and wherein said retroreflector has a 
spherical shape. 

15. Agrazing incidence interferometer as setforth in 
Claim 6 and further including camera means dis- 
posed for imaging the interferogram. 

16. Agrazing incidence interferometer as set forth in 
Claim 6 and further Including means for phase 
modulating the interferogram. 
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